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ABST}RAC'T

The quantum state distributions of CN radicals produced in the photo-

dissociation of C2 N2 at 193nm have been measured. It has been found that the

rotational distribution is the same for radicals formed in the v"=0 and v"1=

level. This has been interpreted to mean that the rotational motion is decoupled

during the dissociation, from the vibrational and translational motion of the

fragments. The partitioning of the 6795cm - 1 of available energy between

vibrational and translational motion in turn has been found to be consistent with

a simple statistical model. The observed rotational distribution was reproduced

by assuming that there is no contribution to the angular momentum of CN other than

the original angular momentum of the parent.
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INTRODUCTION

There is a weak, 1ijhly structured absorption of cyanogen at 193 rm, that has

been identified (1) as the X1Z' to BlAu tran:;ition. Since the Bl/L state does not

correlate with two CN radicals in theh X2 state, dissociation can only occur via

predissociation to the vibrational continuum of the ground state. This same

continuum is responsible for the unimolecular thermal dissociation of C2 N2 and its

multiphoton infra-red dissociation. Thus dynamical studies of the partitioning

of excess available energy among the two CN radicals can supply fundamental

information about both of these processes.

The absorption coefficient to the BILAu state, about j( - 19 cF 2 , is two orders

of magnitude smaller than the one to the Clj[u state, that occurs between 164 and

154 nm (2).This has effectively precluded both classical photochemical studies

and modern dynamical studies of the single photon photodissociation of the B'Au

state. The ArF laser has a sufficient flux, of about 1016 to 1017 photons/cm2 , to

fragment a few percent of the cyanogen molecules, and thus makes it possible to

carry out such dynamical studies despite the weak absorption coefficient at 193

nm.

Woo and Badger's analysis of the bands at 193 nrm has shown that the absorption

is at least the fourth member of a progression whose members are separated by about

1000 cm-' (3). The frequency of this progression implies that it belongs to either

the VI1 or V3 mode of the excited state, which would primarily involve excitation

of the CN bonds (4). In so far as a local mode pictaore is applicable, the
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dissociation process must involve, soi! :xciLtatiou of the V 2 mode, and thus flow

of energy into the C-C bonid. Thus the photolysis of cyanogen at 193 nra would

involve predissociation, a conclusion which is also supported by the sharp

struct uire of the cyanogen absorption spectrum in this region. Therefore one

would expect that the amount of vibrational excitation in the product could be

predicted from a statistical theory.

V.



EXERIMENTAL

The experimental apparatus con;isted of a crude molecular beam source which

was formed by a 1 mm i.d. hypodermic needle, spraying gas into a stainless steel

chamber, pumped by a liquid nitrogen trapped 6" oil diffusion pump. The molecular

beam flow was stabilized by a Granville-Phillips automatic pressure controller

which maintained constant pressures in the scattering chamber. Experiments were

done over a pressure range extending from 5 x 10-6 to 2 x 10-4 torr. The excimer

laser beam entered the chamber from one side of the cell while the dye laser

entered the cell from the other side. Both lasers were adjusted to be collinear,

and crossed the beam spray at right angles. The smaller dye laser beam was

completely imbedded within the excimer laser beam.

Fluorescent light, excited by the dye laser was inage6 onto a filtered,

bialkali photomultiplier tube, placed perpendicular to the plane defined by the

laser and molecular beams. The lasers were pulsed at a rate of 10 Hz, with the

excimer output coming 200 ns before the dye laser. This eliminated the effects of

scattered excimer laser excited fluorescence from the cell windows, as well as

precluding multiphoton up-pumping schemes based upon absorption of some combin-

ation of dye laser and excimer laser photons.

We observed no change in the nascent quantum state distributions of frag-

ments, when the delay between lasers was varied, from zero, up to a few micro-

seconds. An order of magnitude variation in both the background pressure of

cyanogen, and the laser flux, also left the distribution of excess energy among
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the fragments unchanged, although affecting the absolute magnit ude of the signal

in expected ways.

An attempt was made to detect any vibrationally cold CN (A2Jfi) radicals

produced by multipheton absorption of ArF laser light. This was done by scanning

the dye laser through the CN (A2j[i--,B 2X+) transition, a method which has been shown

to be reasonably sensitive to small A state populations (5). Failure to detect any

product in this first electronically excited allowed channel, sets an upper limit

of less than 1% for excited product produced by multiphoton excitation.

Previous work showed that two photon sequential productio:i of (B 2 y+) CN

fragments from cyanogen depended on the square of the laser intensity at 193 nm

(6). in this experiment, the laser intensities are comparabl] to those used in the

previous work. The LIF signal measured by exciting the CN (x2W + ) fragments when

there is no delay betwcen both lasers is at least ten times larger than the sum of

the emission from directly produced (B2X
+ ) radicals and scattered light from the

excimer laser. Considering the larger volume illuminated by the eximer laser this

sets an upper limit of 0.05% for the amount of B
2Z+ relative to X2Z + product.

Insertion of a beam flag resulted in a twofold decrease in signal intensity,

but no change in the quantum state distribution of fragments. The very low

pressures, at which the spectra were measured (2 x 10 - 5 torr), insure that there

were no collisional effects. The fact that the same fragment distribution was

measured for photolysis of the background, and of the beam with the background,

may be taken to show that there is no appreciable cooling in the beam.
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OBSERVATIONS AND DISCUSSION

Fig-ure 1 is an examplo of the CN(X 2 ) 4 ) excitation spectra

obtained followia-i photolysis of cyanogen at 193 nm. Hlere the delay

between photolysis and probing is 200 1s, and the bickground pressurc

in the cell is 2 x 10 ---' torr of cyanogen. One may parmneterize the

distribution of the v"::0 and v"=1 photoproduct by plotting the

logaritln:i of the signal intensity divided by the Hloeni-Lo-idon factor

against the rotational enorgy of the fragment. The sumwd inten-

sities of the P and R branches for eight excitation spectra are

displayed in this manner in Figure 2.

Both the v" 0 and v"-=l distributions are well described Iy the

same Boltzman distribution for a rigid rotor, with a paraiicterized

"temperature", of about 900 K. The ratio of radicals produced in the

first vibrational level, v"=I, to that produced in the v"=O level is

0.35, as determincd from the ratio of the intercepts in Figure 2, and

after correction for the Franck-Condon factors.

As was mentioned above, at 193 nm cyanogen is excited to the B'Au

state. It is clear that two CN radicals at infinite separation in the

2 . state can not correlate with the BIA u state, which thus can only

predissociate via a crossing into the vibrational continuum of the

ground state.

____ ____----
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The dissociation enegy of cyaniogen is 45,005' 403 c'r - 1 , so that

6795 c -in of excess eI rgy lust e part it ioned among t II f ragments

(7). Since the cyanog-n absorption spectrum (2,3) shows sharp

structure at 193 nm, it is likely that the molecule undergocs several

vibrations before dissociation. During these vibrat ions it is

possible that randomization occurrs so it is reasonable to try to

explain the observed distribution of vibrational energy among the CN

fragments on the basis of information theory (8). Following Kinsey

and Levine (8), one may calculate the prior vibrational distribution

for product CN to be

(1) P°(V,WIE) 
= 4/15 ATAR (E - EV - EW) 5 /2

based on the assumption that the molecule is a rigid rotor harmonic

oscijlator, and where AT is the translational state degeneracy, AR

allows for the sum over rotational states belonging to a particular

vibrational level and V and W refer to the vibrational levels of the

two diatomic fragments. E is the total amount of energy available.

Figure 3 shows that the calculated prior distribution for E = 6800 cm-

I compares favorably with the observed vibrational distribution.

Thus this analysis suggests that all of the available energy is

preferentially distributed into translational and/or vibrational

energy of the two CN fragments.



Energct ilal ly, M (X ) radicals Tlay be produced jil the fol-

low [in,,, vil)rat ion l cli I aII(-s:

(a) C2 N2  4I- v - 2CN(X 2 ,  v" O)

(b) -" Cl;(X 2 X+ v"=0) + CN( 2Z+ v"-l)

(c) " 2CN(X 2X+ v"'-l)

(d) -: CN(X 2 ) + v"-2) + CN(X 2Z+ v"-O)

(e) - CN(X2) v"=2) + CN(X 2y+ v"=l )

(f) CN(X 2 ),+ v"=3) + Ct4(X 2Z + v"O)

Since the amount of material in v"=2 and v"=3, as measured on the

LIF spectra is below the limit of detection, if present at all,

processes (d), (e) and (f) are not important. The problem is to

decide between processes (b) and/or (c) as the source of CN(2 v"l).

Remembering that the initial excitation involved at least four

quanta of the VI and/or V3 modes, where the energy is primarily

localized in the CN bonds of cyanogen, and that the CN fragment LIF

spectra showed no trace of v"=2 CN fragments, it is clear that there
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has been red if.t ribut iou of v ib r at ioUna I energy The succe:s; of the"

prior distribut ions in reproduciiijg the experimental results is a

confirmation that soine of the randomization of vibrational energy has

occurred. Of course thi s reasoninig is crude, and at best only

qualitative, hut it does provide a resonable ex post facto exp-

lanation of the results.,.

On the basis of the success of the prior vibrational distri-

bution in matching the dzita and the above line of reasoning one Cay

suspect that process (c), which requires about the same ,un t of

excess energy as process (d) is not important and that only proct.sses

(a) and (b) are significant pliotodissociation channels at 193n:.

With this assumption and using the observed ratio of [CN(v"=I)J/

[CN(v"=O)] = 0.35 one can cotapnite the relative importance of

reactions (a) and (b). The concentration of CN in the [CN(v"=0)]

state is given by [CN(v'' )] Na (v"=O) + Nb (v" 0), where Na refers

to the number of ground vibrational state radicals produced in

process (a) and Nb to those produced in process (b). Since Nb must

equal [CN(v"=I)] simple arithmetic shows that the ratio of Na/Nb is

1.86 and the quantum yield for process (a) is 0.52 and for process (b)

it is 0.48. Thus within experimental error both are equally likely.

The fragment's nascent quantum state rotational distributions

are identical for CN radicals created in the v"=0 and the v"=l

vibrational levels, so it is clear that in the dissociation process

-V 1 I_
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the vibrational and rot at ional modes of motioln are uncoupled.

Moreover the success of the simple information theory approach

implies that very little if any energy flows into rotation. In the

absence of coupling between rotation and vibration conservation of

angular momentum wil 1 "preserve" the rotational motion of the parent

cyanogen molecule in its daughter CN fragments. One may calculate the

probability of the linear cyanogen molecule being in any particular

rotational state before absorbing a photon, and assign this prob-

ability to the two fragments each of which will have a rotational

quantum number half of that of the parent molecule. The result of

this procedure is displayed in Figure 4 as circles, while the data is

shown as crosses. The excellent agreement with experiment confirms

the model. To a good approximation such a procedure for cyanO"cgen

yields a Boltzmann distribution for the fragments with an apparent

"temperature" of

(2) TC; = TC 2 N2 (BCN/4 BC 2 N2 )

where TCN is the parameterized temperature characterizing the CN

fragment distribution, TC 2 N2 is the temperature of the parent

cyanogen, in this case 300K, and B is the appropriate rotational

constant. Using the values of BCN 1.89. cm - 1 (9) and BC 2 N2  0.157

cm - 1 (10) one would predict that TCN = 900 K, which is exactly what is

found.

This also explains why the surprisals calculated in Ref. 3 for

the product radicals produced in the ClIu state had a positive slope.

There it was assumed that all of the excess energy was available to
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rot at ion. However, in that case there may be coupling betw,.en

vibration and rotation, as shown by the difference lbetwen the

measured rotational temperatures for CN radicals produced in

different vibrational levels. Clearly not all of the excess energy is

available to be distributcd into rotation and there is a significant

contribution to the rotational excitation of the fragments from the

thermal excitation of the parent cyanogen.



CONCLUS IONS

Laser excitation of the BI'Au state of cyanogen, followed by LIP

detection of the quantum state distribution of the fragmijents has

shown that this state predissociates into two ground state CN

radicals. This predissociation must occur via the vibrational

continuum associated with the C-C motion of the ground state of

cyanogen. It has been shown that the quantum yield for simultaneous

production of two ground state CN radicals is one half, and that the

quantum yield for the production of one CN radical in the v"=0 level

and the other in the v"=l level is also one half.

The rotational energy of the fragments has been demonstrated to

be a remnant of the rotational motion of the parent cyanogen. This

implies that the geometry of the Blt state is linear, in agreement

with the previous spectroscopic assignment.

Good agreement has been obtained when the observed vibrational

population was compared to a population based upon randomization of

the available energy in either the vibrational or translational

motion of the fragments. The rotational motion is howevur, essen-

tially decoupled from the other two so that angular momentum is

conserved by folding the original angular momentum of the C2 N2

molecule into the angular momentum of the fragments.

The techniques that have been described are useful for illumi-
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nating the processes that occur during pliotodissociation. The C2 N2

molecules allow one to look not only at photodissociat ion dynamics

but also the dlylamics of ,lltiphoton i.r. photolysis as well as uni-

molecular react ions. In the former case we are preparing the

superexcited molecule at a fixed and known energy above the ground

state continuum, while iii i.r. multiphoton processes the molecule is

excited by driving it through this quasi-continuum state. In both

cases uniuolecular decay of this super excited molecule then occurs.

One would therefore, predict that i.r. multiphoLon dissociation of

C2 N2 should lead to the same type of dynamics as the photodissociation

of the BAhu of C2N2.

The authors grate[ully acknowledge the support of the NASA

Planetary Atmospheres progran! under NSC-5017 for purchasin, Che

excimer laser, the Department of Energy and the National Science

Foundation for the funds for building the beam apparatus under grants

#CHE 78-05375 and contract #-E-40-l-5056 respectfully. W.M. Jackson

is also indebted to the Office of Naval Research under contract

M00014-80-C--0305 for partial support during his sabbatical year when

much of this work was done.
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FIGURE CAPTIONS

Figure 1: LIF excitation spectrum of the CN(X 2 X+) fragments
from photolysis of cyanogen at 193nm. The back-
ground pressure of cyanogcn in the cell was 2x!0 - 4

torr and the delay between the exciner laser and dye
laser was 200iis.

Figure 2: Averaged values of In [I(N")/(N'+N"+l)J plotted
against the rotational energy of CN fragments with
rotational quantum number N". 1(N") is the measured LIF
signal from the state N" and N' labels the emitting
state.

Figure 3: Vibrational prior distributions and experimental
results plotted against the nuMber of vibrational quanta
in the fragments. Crosses represent data, circles

represent the calculated prior distribution with an
available erergy of 6800 cm- I .

Figure 4: Rotational distribution of fragments plotted against
rotational energy. Crosses represent the data and
circles are the results of a model described in the
text.

L°__,.~



14

REFERENCES

1. S. Bell, G.J. Cartwright, G.B. Fish, D.O'Hlare, R.K. Ritchie,
A.D. Walsh, P.A. Warsop, J. Mol. Spect., 30, (1969) 162.

2. C. West, Thesis, Univ-.rsity of Wisconsin.

3. S.C. Woo and R.M. Badger, Phys. Rev., 39, (1932) 932.

4. G. Herzberg, Molecular Spectra and Molecular Structure,
II. Infrared and Raman Spectra of Polyatomic Molecules,

(D. van Nostrand and Company, Princeton, New Jersey) p. 293

(1945).

5. C. Conley, J. B. Halpern, J. Woods, C. Vaughn and W.11. Jackson,
Chem. Phys. Lett., 73, (1980) 224.

6. W.M. Jackson and J.B. Halpern, J. Chem. Phys., 70, (1979)
2373.

7. H. Okabe, The Photochemistry of Small Molecules, (John Wiley,
New York) p. 206 (1978).

8. R.D. Levine and J.L. Kinsey, in Atom-Molecule Collision The-_ry,

A guide for the Experimentalist ed. R.B. Bernstein (Plenum,
New York) p. 740 (1979).

9. G. Herzberg, Molecular Spectra and Molecular Structure,
III. Electronic Spectra and Electronic Structure of Polyatomic
Molecules, (Van Nostrand Reinhold, New York) p. 615 (1966).

10. K.P. Iluber and C. Herzberg, Molecular Spectra and Molecular
Structure, IV. Constants of Diatomic Molecules, (Van Nostrand

Reinhold, New York) p.154 (1979).

k...____



0f0

0

00

U) Of

U) U) I

L0 0

Z) a

CLU

1.~ 
00

LUJ

L0



POPULATION

9
1 0' " ... .I .... ,1 "

0 -

<<

0

00

m2 x
0 -u

m

9 .

Qrn rn



C.ANOGEN PHOTOLYSIS AT 193 nm
CN(X) FRAGMENT DISTRIBUTION

0 N(v=O) 035

0 N(v=O)

::+

z
+

x T(v"=O)= 914K
I--.P

o T(v"=) =890K o

0 0

0 1000 2000 3000
ROTATIONAL ENERGY cm "

~/"



zz ce0 0
0) 0O

HZ 0C
Db cL-<

rc w
WZ

0L 0 W

o -J

U- w
X0 00

Cl) 0
On Q00. 0

z 0 0

0 Lw)O 0 xbo
1.0 0

NOLL fd0

)1.



SP482-3/A23 472:GAN:716:ddc

78u 472-608

TECHNICAL REPORT DISTRIBUTION LIST, 051A

No. No.

Cop-ies Copes

Dr. M. A. El-Sayed Dr. 1. Rauhut

Department of Chemistry Chemical Research Division

University of California, American Cyanamid Company

Los Angeles Bound Brook, New Jersey 08805

Los Angeles, California 90024 1
Dr. J. I. Zink

Dr. E. R. Bernstein Department of Chemistry

Department of Chemistry University of California,

Colorado State University Los Angeles

Fort Collins, Colorado 80521 1 Los Angeles, California 90024

Dr. C. A. Heller Dr. D. Haarer

Naval Weapons Center IBM

Code 6059 San Jose Research Center

China Lake, California 93555 1 5600 Cottle Road
San Jose, California 95143

Dr. J. R. MacDonald

Chemistry Division Dr. John Cooper

Naval Research Laboratory Code 6130

Code 6110 Naval Research Laboratory

Washington, D.C. 20375 1 Washington, D.C. 20375

Dr. G. B. Schuster T-.William 14. Jaekson

Chemistry Department Depai~nte f-diemistry

University of Illinois HowarM-Iers-ity

Urbana, Illinois 61801 1 s ington, DC'"20059

Dr. A. Adamson George E. Waraffen

Department of Chemistry Depa.. nt - Chemistry

University of Southern Howar iv ity

California Wa'shington, DC - 59

Los Angeles, California 90007 1

Dr. M. S. Wrighton

Department of Chemistry
Massachusetts Institute of

Technology

Cambridge, Massachusetts 02139



SP472-3/A3 472:CAN: 716: ddc
78u472-608

TECHNICtL REPORT DISTRIBUTION LIST, GEN

No.
Copies

Dr. Rudolph J. Marcus
Office of Naval Research
Scientific Liaison Group
American Embassy
APO San Francisco 96503 1

Mr. James Kelley

DTNSRDC Code 2803
Annapolis, Maryland 21402 1

2



IOUW4 -OUO

TECHNICAL REPORT DISTRIBUTION LIST, CEN

No. No.
copies copies

Office of Naval Research U.S. .rry Research Office
Attn: Code 472 Attn: CRD-AA-IP
800 North Quincy Street P.O. l.ox 1211
Arlington, Virginia 22217 2 Research Triangle Park, N.C. 27709

ON-R Branch Office Naval Ocean Systecs Center
Attn: Dr. George Sandoz Attn: Mr. Joe McCartney
536 S. Clark Street San Diego, California 92152
Chicago, Illinois 60605 1

Naval Weapons Center
ONR Area Office Attn: Dr. A. B. Amster,
Attn: Scientific Dept. Chemistry Division
715 Broadway China Lake, California 93555
New York, New York 10003 1

Naval Civil Engineering Laboratory
ONR Western Regional Office Attn: Dr. R. W. Drisko
1030 East Green Street Port Hueneme, California 93401
Pasadena, California 91106 1

Department of Physics & Chemistry
O' Eastern/Central Regional Office Naval Postgraduate School
Attn: Dr. L. H. Peebles Xonterey, California 93940
Building 114, Section D
666 Sumner Street Dr. A. L. Slafkosky
Eoston, Massachusetts 02210 1 Scientific Advisor

Commandant of the Marine Corps
Director, Naval Research Laboratory (Code RD-1)
Attn: Code 6100 Washington, D.C. 20380
Washington, D.C. 20390 1

Office of Naval Research
The Assistant Secretary Attn: Dr. Richard S. !iller

of the Navy (RE&S) 800 N. Quincy Street
Department of the Navy Arlington, Virginia 22217
Room 4E736, Pentagon
Washington, D.C. 20350 1 Naval Ship Research and Development

Center
Commander, Naval Air Systems Command Attn: Dr. G. Bosmajian, Applied
Attn: Code 310C (H. Rosenwasser) Chemistry Division
Department of the Navy Annapolis, Maryland 21401
Washington, D.C. 203601

Naval Ocean Systems Center

Defense Technical Information Center Attn: Dr. S. Yamamoto, Marine
Building 5, Cameron Station Sciences Division
Alexandria, Virginia 22314 12 San Diego, California 91232

Dr. Fred Saalfeld Mr. John Boyle
Chemistry Division, Code 6100 Materials Branch
Naval Research Laboratory Naval Ship Engineering Center
Washington, D.C. 20375 1 Philadelphia, Pennsylvania 19112



707


